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Na2MoO2dF4+d – a perovskite with a unique
combination of atomic orderings and octahedral
tilts†
Hajime Ishikawa,‡a Irene Munao`,‡b Bela E. Bode,b Zenji Hiroia and Philip Lightfoot*b
Na2MoO2dF4+d (dB 0.08) displays a unique variant of the perovskite
structure, with simultaneous (Na,vacancy) ordering on the A-site,
(Na,Mo) ordering on the B-site, (O,F) ordering on the anion site and
an unusual NaNbO3-like octahedral tilt system.
The perovskite structure is themost ubiquitous and important in solid
state chemistry. Its significance to functional materials lies, to a large
extent, in thedegree of compositional and structural flexibility available,
starting from the aristotype cubic ABX3 structure. Thus, it is possible to
incorporate a vast range of substitutions at the A and B cation sites and
the X anion site, includingmixed ion species and also vacancies at each
site. If there is a suﬃcient chemical driving force, the species (atoms or
vacancies) at the A, B and X sites may be crystallographically ordered,
and it is this ordering that gives much of the richness to perovskite
chemistry.1,2 The second common structural feature of perovskites is
‘tilting’ of the BX6 octahedral units, and the nature of the common
tilting schemes is well understood.3–5 This paper describes a unique
variant of the perovskite structure, Na2MoO2dF4+d (d B 0.08) which
displays simultaneous atomic order at all three sites, A, B and X,
together with an unusual octahedral tilt scheme.
Na2MoO2dF4+d was prepared by hydrothermal reaction of a
mixture of NaF (1 mmol), MoO3 (1 mmol), MoO2 (1 mmol), guani-
dinium carbonate (1 mmol), H2O (0.2 ml) and HF (48% aq.; 0.2 ml).
Thismixture was sealed in a Teflon-lined stainless steel autoclave and
heated to 160 1C for 3 days. Blue air-stable crystals were recovered by
filtration. Powder X-ray diﬀraction suggested the product to contain a
small amount of residual MoO2, which appears as a black powder on
the surface of some crystals. Guanidine is not incorporated into the
product, but attempts to prepare this phase from similar reactions,
omitting the guanidinium carbonate, failed to produce the same
product. The crystal structure was analysed using single crystal X-ray
diﬀraction (see ESI†). The asymmetric unit (Fig. 1) contains one
Na2MoO2dF4+d formula unit and, in particular, incorporates two
distinct Na sites. Further inspection reveals that the structure is a
unique variant of perovskite, incorporating Na on both the A and B
sites, with fully ordered (Na,vacancy) on the A-site, fully ordered
(Na,Mo) on the B-site and (O,F) fully ordered (within the constraints
of stoichiometry – see later) on the X-site (Fig. 2). In addition there are
octahedral tilts around each of the principal pseudo-cubic axes. This
unprecedented atomic ordering and tilt scheme gives rise to a large,
low-symmetry unit cell, of dimensions approximatelyO2aPO2aP
4aP (where aP is the cubic aristotype unit cell parameter)§.
The cation ordering scheme (Fig. 2) has an alternating ‘rock-salt’
like arrangement of Na(2) and Mo on the B-sites and a layered
ordering of Na(1) and vacancies on the A-site. Rock-salt ordering on
the B-site is relatively common in oxide perovskites, being driven by a
large size/charge diﬀerence of the two B-site cations.2 This is the
situation in the present case. A-site ordering is relatively rare,2 but
ordering of cations and vacancies does occur in compounds such as
La1/3NbO3, where a layered ordering of vacancies and 2/3 occupied La
sites exists.6 This type of ordering is facilitated by the tendency of the
d0 cation at the B-site to undergo a 2nd-order Jahn–Teller off-centring
Fig. 1 Asymmetric unit of Na2MoO2dF4+d. Bond lengths (Å) around Mo
are: Mo–O(1) 1.6837(15), Mo–O(2) 1.7273(14), Mo–F(1) 2.1212(11), Mo–F(2)
2.0499(12), Mo–F(3) 1.9599(18), Mo–F(4) 1.916(2).
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to alleviate bond strains,2 such that the single, short Nb–O bond corre-
lates with the A-site vacancy layer. This situation is not so simple in the
present case, due to the presence of two short Mo–O bonds, and also
the O/F ordering. The long-range nature of the anion ordering here
must therefore be considered as correlated with the A-site ordering.
The Mo site in Na2MoO2dF4+d (Fig. 1) exhibits two short
Mo–O bonds in a cis configuration. A locally cis configuration is
normal in Mo oxyfluorides,7 and many early transition metal oxy-
fluorides do retain long-range ordering of O/F ligands.8,9 However,
long-range ordering of O/F is less common in many d0 cation
oxyfluorides with perovskite-related structures.10 Indeed, the closest
compositional analogue of the title compound, KNaMoO2F4 has
a related structure, displaying a similar type of A and B cation
ordering, but shows ordering of only one of the oxide ligands, with
the other being disordered amongst the four possible cis positions.11
Another feature of the Na2MoO2dF4+d structure, which might
seem surprising at first sight, is the ordering of predominantly oxide
(O(1)) rather than fluoride (F(1)) ligands within the A-site vacancy
layers (Fig. 3(b)). Hence, the seven shortest bonds (2.30–2.56 Å)
around the Na(1) site are all Na–F bonds, with the nearest Na–O
contact being 2.72 Å (Fig. 3(a)). Association of Na–F seems reasonable
on the basis of ‘hard’–‘hard’ interactions, but Na  O avoidancemight
seem less satisfactory based on bond valence considerations. Despite
this apparent ‘underbonding’ around O(1), however, a full bond-
valence sum (BVS) analysis (see ESI† for further details) does show the
bonding around each atom is well satisfied: BVS values (valence units)
are Mo(1): 5.83, Na(1) 1.10, Na(2) 1.22, O(1) 2.05, O(2) 1.94, F(1) 0.96,
F(2) 1.04, F(3) 1.10, F(4) 1.06. This situation parallels that seen in
La1/3NbO3, where the A-site vacancies associate with the more
covalently bonded anions. At this stage the single crystal structure
has been refined as stoichiometric ‘‘Na2MoO2F4’’ and both the refined
structure and the BVS analysis appear compatible with theMo occurr-
ing purely as oxidation state VI. This is also supported by comparisons
to closely related structures and compositions such as KNaMoO2F4
and Na2MoO2F4H2O.12 In the latter compound, which has an
unusual layered perovskite-related structure, the Mo–X bond lengths
(Å) are Mo–O: 1.685, 1.706, Mo–F(eq.): 2.064, 2.126, Mo–F(ax.): 1.928,
1.963, in excellent agreement with those reported here. However, the
observation of an intense blue colour for the title compound is
curious, whereas both KNaMoO2F4 and Na2MoO2F4H2O are colour-
less. The colour is most likely due to a slight reduction to Mo5+. In
order to probe this possibility further we carried out both EPR and
magnetisation measurements in order to directly probe the Mo
oxidation state. Unfortunately direct chemical analysis for O/F content
or red-ox activity was precluded by the presence of small amounts of
extraneous MoO2. The magnetisation data and EPR spectrum are
provided in ESI.† The derived magnetic moment from magnetic
susceptibility is consistent with aMo5+ content of 8% of the total Mo.
Several possible models of off-stoichiometry, in order to account for
the observed reduction, were tested; these are discussed in the ESI,†
with themost plausible being aminor F occupancy at the two O sites,
consistent with a value dB 0.08 in the formula Na2MoO2dF4+d.
Fig. 2 shows octahedral tilting around the b-axis of the mono-
clinic unit cell; this corresponds to simultaneous and equivalent
‘out-of-phase’ tilts around the a and b axes of the parent cubic cell.
The tilting around the c-axis is, however, more unusual and does
not correspond to one of the simple Glazer tilt systems.3,5 Fig. 4 and
5 show that the ‘quadrupling’ of the unit cell along c is due to a
more complex tilt around c, such that there are successively ‘in-
phase’, ‘out-of-phase’, ‘in-phase’ tilt relations along this direction
or, alternatively, the tilt sequence can be described as ‘AACC’,
where ‘A’ represents anti-clockwise and ‘C’ clockwise rotation of a
single octahedron. This notation has been used previously to
describe the complex sequence of tilt transitions seen in NaNbO3.
13
Indeed, the tilt system seen here is identical in nature to that seen
in the stable room temperature polymorph of NaNbO3. In the
original Glazer notation it can be described as a compound tilt
Fig. 2 Unit cell packing; note the details of the atomic ordering at A,
B and X sites.
Fig. 3 Local coordination around the A-sites (a) Na(1): 4 + 4 coordination
due to in-phase local tilts (b) vacancy site: 3 + 6 coordination due to out-
of-phase local tilts.
Fig. 4 Polyhedral view of the octahedral tilt scheme along the c-axis.
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sequence aab+/aab/aab+. This tilt system has been seen in




16 KNaMoO2F4 displays no octahedral tilting, so it
is clear that tilting occurs in the present case due to the tolerance
factor eﬀects normally associated with tilting in simpler perovs-
kites. The specific and unusual nature of the tilting seen here,
however, seems less easy to rationalise. The most common
perovskite tilt system is aab+, as represented by the well-
known ‘GdFeO3-type’ orthorhombic perovskite. This tilt system
is stabilised by optimising A–X covalent interactions when the
degree of tilting is relatively large.4 In the present case the local
tilt system around the Na(1) site is aab+, with in-phase tilting
around c, whereas that around the vacant A-site has out-of-
phase tilting around c (aab, or approximately aaa).
As there is no requirement in present case to satisfy bonding
around the vacant A positions, it appears that the A-site layered
ordering scheme co-operates with octahedral tilting to produce the
unusual compound tilt system. This is supported by looking at the
local bonding geometry around both the Na(1) site and the vacant
A-site (Fig. 3). Here, the Na(1) site has the bonding typical of the
aab+ tilt system: viz. a staggered ‘4-long, 4-short’ arrangement,
whereas the vacant A-site (assuming the vacancy at the idealised
position (1/4, 1/4, 1/2)) has a trigonal planar ‘3-short, 6-long’ arrange-
ment. Woodward4 highlighted these local bonding environments as
natural consequences of each tilting system:wenote that the deviation
of the Na(1) site from its ideal position (1/4, 1/4, 1/4) is relatively small
(B0.18 Å), confirming that A-site bonding is optimised largely by tilts.
Interestingly, the nature of theNa(1) displacement is analogous to that
seen in antiferroelectric NaNbO3; viz. an ‘antiferrodistortive’ shift along
the b-axis (Fig. 4). Perovskites with vacant A-sites, such as the fluorides
MF3,
17 are known to favour ‘out-of-phase’ tilts (aaa) over themore
normal mixed tilt system aab+; so too are the A-site deficient oxides
e.g. La1/3NbO3, but the more complex tilt system seen here has not
been reported in that series (perhaps because a more highly charged
A-site cation is also known to favour aaa over aab+).
In summary, exploratory hydrothermal synthesis has isolated a
novel perovskite variant. Na2MoO2dF4+d exhibits several unusual
structural features, including simultaneous atomic orderings at
all three of the sites in the ABX3 aristotype, a very rare octahedral
tilt system and mixed valence. The distinct atomic orderings work
cooperatively with the tilt scheme, in order to satisfy the bonding
requirements around each site. The unique interplay of these
diﬀerent structural responses to compositional features suggests
that further unusual perovskite variants might be discovered, by
tailoring composition and reaction conditions within similar
systems. Moreover, the observation of mixed valence prompts
further study. In addition to the observation of slight O/F oﬀ-
stoichiometry, the presence of an easily reducible cation, Mo6+,
together with vacant positions at the perovskite A-site suggest that
intercalation chemistry will be possible to produce a wider range
of Mo5+-containing perovskites. As far as we are aware there are no
well-characterised compounds of composition A2A0MoO2F4
(A, A0 = alkali metal) for example, with filled A-sites; such composi-
tions, exhibiting rock-salt type ordering of Mo5+ (S = 1/2) on the
perovskite B-site may give rise to interestingmagnetic properties, as
seen in some of the closely-related oxides, such as Ba2YMoO6.
18
Further, more systematic studies of the options for tailoring
composition and mixed-valence, both in as-made samples and
via subsequent electrochemical means will be carried out.
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Fig. 5 Polyhedral view of the octahedral tilt scheme. Note the unusual
AACC tilt scheme around the c-axis. Mo-centred octahedra blue, Na-centred
octahedra yellow.
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